It is important to investigate the chemical states of silica dissolved in solution in terms of the solution chemistry as well as the geochemical dynamics of silica. The characterization of silica has been performed as follows: calculate the silica concentration from the stability constants 1 , measure the molecular weight based on the melting points on the assumption of the presence of some silica complexes 2,3 , determine the silanol group into which a proton was substituted by trimethylsilation 4 , and determine the silanol group by IR. 4 Recently, 29-Si NMR spectrometry has been developed to study the chemical species produced by dissolving silica. [5] [6] [7] However, due to its low sensitivity, a 29-Si NMR measurement was restricted only to a potassium hydroxide (KOH) solution with a high concentration of silica. When the silica concentration is low (for example, 1 mmol dm -3 (mM)), the chemical species of dissolved silica could not be directly measured by 29-Si NMR spectrometry. In our study, FAB-MS (fast atom bombardment mass spectrometry) was employed. Although FAB-MS was originally used for the identification of organic substances, we focused on its high sensitivity and relatively moderate ionization system, which are considered to be appropriate for examining dissolved species in solution.
It is important to investigate the chemical states of silica dissolved in solution in terms of the solution chemistry as well as the geochemical dynamics of silica. The characterization of silica has been performed as follows: calculate the silica concentration from the stability constants 1 , measure the molecular weight based on the melting points on the assumption of the presence of some silica complexes 2, 3 , determine the silanol group into which a proton was substituted by trimethylsilation 4 , and determine the silanol group by IR. 4 Recently, 29-Si NMR spectrometry has been developed to study the chemical species produced by dissolving silica. [5] [6] [7] However, due to its low sensitivity, a 29-Si NMR measurement was restricted only to a potassium hydroxide (KOH) solution with a high concentration of silica. When the silica concentration is low (for example, 1 mmol dm -3 (mM)), the chemical species of dissolved silica could not be directly measured by 29-Si NMR spectrometry. In our study, FAB-MS (fast atom bombardment mass spectrometry) was employed. Although FAB-MS was originally used for the identification of organic substances, we focused on its high sensitivity and relatively moderate ionization system, which are considered to be appropriate for examining dissolved species in solution.
The 0.5 mM silica complexes in 0.1 M NaCl and CaCl 2 solutions were found to be detectable by FAB-MS, based on preliminary experiments. The detection limit of silica complexes by FAB-MS is 1/1000 that of 29-Si NMR spectrometry. Therefore, FAB-MS can be used to identify the chemical species of low concentrations produced by dissolving silica in alkaline chloride solutions with relatively low pH. Measurements by 29-Si NMR spectrometry are limited to high concentrations of silica in a high-pH solution. The high sensitivity of FAB-MS for dissolved silica is the most important feature of measurements required to identify the chemical species produced by dissolving silica in solution.
The purpose of this study was to identify the chemical species produced by dissolving silica in NaOH, KOH and NaCl solutions. Next, the chemical species in NaCl solution would be examined by dissolving silica in a NaCl solution under various pH conditions; the NaCl solution mostly represents the inorganic system of natural water, in which the concentration of silica is less than 2 mM. From these experiments, we expect to find out the differences in the dissolution process of silica gel in NaOH and KOH solutions from that in NaCl solution. In addition, the experimental technique of measurement of FAB-MS will give us the information needed to detect the silica species in actual natural samples or NaCl solution under various conditions.
In the FAB-MS measurement, the obtained mass spectra contain peaks from the sample and the matrix (in our case, glycerin). Therefore, some caution is required in interpreting the peak intensities. As mentioned in the results, we focus on the relative peak intensities with increasing NaOH and KOH concentrations and on the "derivative" silica species whose protons are substituted with sodium ion (Na + ) in order to confirm each basic species, such as the monomer, dimer and so on.
Experimental

In vitro dissolution experiment for silica gel
Silica gel (0.1 g, Mallinckrodt, 100 mesh) was mixed with NaOH and KOH solutions of various concentrations and shaken at 25˚C; the initial concentrations of NaOH and KOH were 0, 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, and 0.1 mol dm -3 (M). The water used throughout the experiment was deionized and free from CO 2 . After shaking, the solution was centrifuged at 3000 rpm for 10 min and the supernatant was used for measurements of the concentration of dissolved silica. After neutralization, the silica concentration was determined by colorimetry with ammonium molybdate (385 nm). It was confirmed that the concentration of silica did not change after shaking for more than 24 h, and it was considered that equilibrium was achieved by shaking the solution for 24 h.
When 0.1 g of silica gel was mixed with 20 cm 3 of a NaOH or KOH solution below 0.05 M, not all of the 0.1 g silica gel dissolved in the solution. When 0.1 g of silica gel was dissolved in 20 cm 3 of 0.1 M NaOH or KOH solution, the silica gel was completely dissolved into the solution. It is known that 0.1 g of silica gel is the upper limit which can be dissolved in 20 cm 3 of 0.1 M NaOH and KOH solutions, based on the information obtained from our previous experiment.
A NaCl solution (0.4 M, 1000 cm 3 ) was prepared and 2 g of silica gel was dissolved by supersonic waves for 30 min and shaking for 120 h at 25˚C: from a previous experiment, it is known that silica gel was mostly dissolved at concentrations of 0.1 -0.5 M NaCl with shaking for 24 h at 25˚C (saturated at the concentration of NaCl). Under such conditions, the solution was centrifuged, and the solution phase may have been oversaturated with silica. The concentration of silica in the sample solution was determined by colorimetry using ammonium molybdate (385 nm).
The pH of the NaCl solution was controlled by adding 1% volume of NaOH or hydrochloric acid (HCl) solution. The pH-controlled sample solution reached equilibrium after being left standing for one month. The pH of each sample solution was measured with a pH meter; the data are listed in Table 1 .
Determination of the chemical species in some solutions using FAB-MS spectrometer
The chemical species were identified using a FAB-MS (JEOL JMS-HX110) spectrometer (negative ion detection mode). The conditions for mass spectrometry were as follows: for FAB (Xe, 1 mA emission), the resolving power was m/∆m=1000 and mass range was 0 -1000. About 0.03 cm 3 of the sample solution was loaded onto the sample holder in the FAB-MS spectrometer, and the solution was overlaid with an equal or less amount of glycerin than the sample solution. The sample solution and glycerin were ascertained to be in the liquid state on the sample holder after each mea- Sample solution pH surement. The obtained mass spectra were compared with the mass spectra of the reference solution that contained the same NaOH, KOH and NaCl solutions and glycerin without silica. The mass spectra for the same solution were measured three times to examine the reproducibility. The absolute counts of the mass spectra varied for each measurement; however, the relative intensity ratios of the peaks derived from the sample, such as silica complex, were almost constant within 10%. For a discussion of the mass spectra, the relative intensity ratios of the chemical silica species were used.
Results
Concentration and pH of dissolved silica
The relationship between the pH and the concentration of silica in the solution is shown in Fig. 1 . The concentration of silica is, in many cases, less than 1 mM for a natural water sample, and the concentration of silica of the NaCl solution is oversaturated by silica with supersonic and is shaken for 120 h for 25˚C is 2.31 mM. The concentration of silica in a pH-controlled NaCl solution is calculated as 2.28 mM. It was found that the concentration of silica in a 0.4 M NaCl solution is constant regardless of the pH, as shown in Fig. 1 . The dependence of the concentration of silica on the pH of NaOH and KOH solutions shows almost the same tendency: the concentration of silica is lowest at pH 5.77 for a solution without NaOH and pH 6.34 for a solution without KOH. The concentration of silica is almost constant in the intermediate pH range of 6.49 to 9.13 for the NaOH solution and 6.95 to 8.48 for the KOH solution. The concentration of silica increases in NaOH solutions with pH 10 -11.1 and KOH solutions with pH 9.44 -11.1. The concentration of silica becomes almost constant in NaOH and KOH solutions with a pH range of 11.1 -12.1.
FAB-MS mass spectra of silica species in the solutions
Figure 2-a) shows the reference spectra of 0.1 M NaOH and glycerin (reference solution), and Fig. 2-b) shows the mass spectra of glycerin and silica gel that was completely dissolved in 0.1 M NaOH (silicon concentration was 85.21 mM and pH was 12.1).
The mass spectra of silica in a 0.1 M NaOH solution were compared with that of the reference solution (Figs. 2-a) and b)). The peak intensities in Figs. 2-a) and b) are similar, and the features of the spectra are almost identical. As shown in Fig. 2-b ) for a 0.1 M NaOH solution containing dissolved silica, the peak for SiO(OH) 3 -at m/z=95 was clearly observed. In this spectra, the peaks derived from Cl -were not observed (e.g., very small peaks at m/z=35, 37). This peak (m/z=95) of Si(OH) 3 O -can be identified. The observed peaks corresponding to the silica species in the solutions are summarized in Table 2 . Namely, in NaOH and KOH solutions, monomer (Si(OH) 3 O -; m/z=95), monomer-Na + and K + complexes
-; m/z=329) and cyclic tetramer-Na + and K + complexes (Si 4 (OH) 6 O 6 Na -; m/z=333, Si 4 (OH) 6 O 6 K -; m/z=349) were identified. Harris et al. 5 reported that 11 kinds of silica complexes were identified from 29-Si NMR measurements; that is, four kinds of monomers and seven kinds of silica complexes, such as a dimer, cyclic trimer, linear trimer and linear tetramer. They also mentioned 6,7 the detection of 18 species of silica complexes, including a monomer, dimer and cyclic tetramer silica in KOH solution, based on simulation using 29-Si NMR data. Our observation is in good agreement with theirs.
The mass spectra of the reference solution of the 0.4 M NaCl solution show many peaks derived from Cl -(mass number 35 and 37), NaCl 2 -(m/z=93, 95 and 97), and matrix with Cl -(such as the peaks at m/z=127 and 129 corresponding to glycerin (m/z=92) with Cl -). When Si(OH) 3 O -exists stably in the sample solution, the peak for Si(OH) 3 O -will be observed at m/z=95. However, for the NaCl solution, the peaks for NaCl 2 -(m/z=93, 95 and 97) overlapped with the peak for Si(OH) 3 
Treatment of FAB-MS peak intensities
It is notable that the peak intensities of the mass spectra of silica in 0 -0.1 M NaOH and KOH solutions are far lower than the peak intensities of silica in 0.4 M NaCl solution, although the concentrations of silica in NaOH and KOH solutions (maximum 85 mM) are far higher than the concentration of silica in the NaCl solution (2.3 mM), as shown in Fig. 1 . It is generally known that the total peak intensities of species dissolved in a solution with high pH become low in the FAB-MS spectrometer. Although the concentration of silica in NaOH solution is 40-times higher than that of silica in NaCl solution, the peak intensities of silica complex such as Si 2 (OH) 5 higher than that in NaCl solution. The low peak intensities of silica species in NaOH solution could be due to the low ionization efficiency of the silica complexes; the ionization efficiency depends on the increase in the degree of hydration in the solution. This implies that OH -groups increase the degree of hydration. On the other hand, for the 0.4 M NaCl solution, whose pH was controlled by adding NaOH and was almost the same as those of the 0 -0.1 M NaOH and KOH solutions, the peak intensities of silica do not decrease. Chloride anion would interfere with the hydration of silica anion complexes. Regarding this result of the degree concerning hydration with the OH -group and Cl -, further studies on the ionization system of the mass spectrometer are required.
As mentioned before, the observed mass spectra of the sample solution include peaks from the mixture of the sample and the matrix (glycerin), and the absolute 1245 ANALYTICAL SCIENCES DECEMBER 1999, VOL. 15 peak intensities depend on the pH of each solution. Nevertheless, the relative-intensity ratios among the peaks derived from silica complexes in the sample solution, are almost constant within 10% in the same solution. The relative-intensity ratios reflect the condition of the chemical species, and their changes provide information concerning their chemical states in solution.
As the pH of the solutions without NaOH and KOH were 5.77 and 6.34, respectively, the lowest pH values of NaOH and KOH solutions in all figures are not regarded to be influenced by the hydrolysis of silica gel. The dissolution in the solutions without NaOH and KOH is negligible, because the dissolution system is not the same as the system with NaOH, KOH or NaCl solution. Figure 3-a) shows the relationship between the intensity ratios (95/173), which correspond to the relative intensity ratio of monomer/dimer, and pH values. In the NaOH solution, the intensity ratios (95/173) are almost constant in the pH range 5.77 to 9.13 and decrease with increasing pH from 9.13 to 11.1. In the KOH solution, roughly speaking, the intensity ratios (95/173) decrease with increasing pH from 7 to 12. Figure 3-b) shows the intensity ratios (195/173), which correspond to the relative intensity ratios of the dimerNa + complex (Si 2 (OH) 4 O 3 Na -; m/z=195)/dimer, against the pH in NaOH, KOH and pH-controlled NaCl solutions. Figure 3-c) shows the relationship between the pH and the intensity ratio (311/173), which corresponds to the relative intensity ratios of the cyclic tetramer/ dimer, in the solutions. In the NaOH solution, when the pH increases, the intensity ratios (311/173) markedly decrease. In the KOH solution, these ratios are almost constant in the pH range between 6.95 and 12.1. In the pH-controlled NaCl solution, the intensity ratios (311/173) are almost constant when the pH increases.
Discussion
Increase in the concentration of silica dimer
As shown in Fig. 3-a) , when the pH increases, the intensity ratios of the monomer/dimer decrease in both the NaOH and KOH solutions. In this system, the concentration of silica dissolved in the solution becomes remarkably high in the pH range of 6 to 12. One possibility is that when the pH increases, the dimer dissolves into the solution due to the hydrolysis of silica gel, and the intensity ratios (95/173) become low. This also suggests that the concentration of the monomer decreases in the solutions, while the concentration of silica increases. On the other hand, as shown in Fig. 3-b) , the intensity ratios of the dimer-Na + complex/dimer (195/173) decrease with increasing pH in the NaOH solution. It is notable that the relative intensity ratios of the dimer-Na + complex/dimer decrease in spite of an increase in the Na + concentration and the pH of the solutions. When the pH increases, the dimer concentration might increase, as suggested above.
In the NaOH solution, as shown in Fig. 3-c) , with increasing pH, it is considered that the production rate of the dimer becomes higher than that of the cyclic tetramer or the concentration of the cyclic tetramer decreases because of hydrolysis. In the entire pH range investigated, it is hardly considered that only the production (real concentration) of the cyclic tetramer decrease although the concentration of total silica increases. The production of the dimer should increase with increasing pH. This implies that the dimer in the NaOH solution is more stable than the other species, such as the monomer, dimer-Na + complex and cyclic tetramer in NaOH solution, to explain Figs. 3-a) , b) and c).
In Fig. 3-c) , the intensity ratios (311/173) are almost the same with increasing pH in the KOH solution. The production rate of the dimer and cyclic tetramer are almost the same within the investigated pH range. It is 1246 ANALYTICAL SCIENCES DECEMBER 1999, VOL. 15 Here, let us focus on the dissolution system in the NaCl solution. The relative-intensity ratios (195/173) in Fig. 3-b) are almost constant in the pH range between 0.47 and 11.7. As shown in the experiment section, silica gel was first dissolved in the NaCl solution and the pH was controlled. As mentioned above, the silica species in mass spectra do not change through a change in the pH, while the concentration of silica changes by the concentration of the NaCl solution. This indicates that the dissolution of silica gel does not depend on the hydrolysis of silica gel by OH -groups, but depends very strongly on the concentration of NaCl, in the case that silica gel is first dissolved in NaCl solution. Once silica dissolves in NaCl solution, the dissolved chemical species are not influenced by the concentration of the OH -groups, as shown in Figs. 3-b ) and c). Because the concentration of NaCl solution was 0.4 M in the examined system, the Cl -concentration was higher than the OH -group or silicon (Si) concentration in the solution. The hydrolysis of silica gel with OH -groups is hindered by the existence of Cl -. As shown in Fig. 3-c) , the intensity ratios (311/173) in NaCl are almost constant over the entire pH range investigated. The intensity ratios (311/173) in NaCl solution are lower than those in NaOH and KOH solutions.
Relationship between monomer and monomer-Na + complex
Because Na + and Cl -make a cluster to NaCl 2 in the ion source of FAB-MS, NaCl 2 -appears at m/z=95 in the mass spectra. This peak overlaps with that of the silica monomer (Si(OH) 3 O -) at m/z=95. Thus, any discussion on the silica monomer is limited to NaOH and KOH solutions. The relationship between the monomer (m/z=95) and the monomer-Na + complex (m/z=117) or the monomer-K + complex (m/z=133) in NaOH and KOH solutions, is shown in Fig. 4 .
In NaOH solution, the intensity ratios (117/95) are almost constant. This shows that the production rate of the monomer and the monomer-Na + complex are almost constant. The concentration of the monomer is balanced with that of the monomer-Na + complex. In KOH solution, the intensity ratios (133/95) gradually increase with increasing pH from 8.44 to 12.1. In KOH solution, this implies that the production rate of the monomer-K + complex are higher than that of the monomer or that the concentration of the monomer decreases. As the concentration of silica becomes exceedingly high with increasing pH from 8.44 to 12.1, it is hardly infered that the only monomer concentration decreases in KOH solution. It is probable that the concentration of monomer-K + complex also becomes high through the pH. 1247 ANALYTICAL SCIENCES DECEMBER 1999, VOL. 15 Fig. 3-a) Relationship between the pH and intensity ratios (95/173) of mass spectra for NaOH and KOH solutions. m/z=95 shows monomer silica and m/z=173 shows dimer. NaOH solution with silica gel; KOH solution with silica gel. NaOH solution with silica gel;
KOH solution with silica gel; pH-controlled NaCl solution with silica gel. Fig. 3-c) Relationship between the pH and intensity ratios (311/173) of mass spectra for the solutions. m/z=173 shows dimer, and m/z=311 shows cyclic tetramer. NaOH solution with silica gel; KOH solution with silica gel; pH-controlled NaCl solution with silica gel.
Behavior of cyclic tetramer
Figure 5-a) shows the relationship between the intensity ratios of the monomer (m/z=95) to the cyclic tetramer (m/z=311) and the pH. Figure 5-b) shows the relationship between the intensity ratios of the linear tetramer/cyclic tetramer (329/311) and the pH. The "absolute" intensity of m/z=329, which corresponds to the linear tetramer, was too weak to be identified clearly in 0.1 M NaCl solution, but was observed in NaOH and KOH solutions. The relationships between the intensity ratios 329/311 and the pH in NaOH and KOH solutions will be discussed.
As shown in Fig. 5-a) , the relationships between the intensity ratio (95/311) and the pH in NaOH and KOH solutions differ from each other. Namely, the production rates of the monomer and the cyclic tetramer do not show a clear tendency against the pH in NaOH solution. However, in KOH solution, the peak intensity ratio of the monomer and the cyclic tetramer decreases consistently against the pH. In KOH solution, the cyclic tetramer would increase, because the concentration of silica becomes high with increasing pH.
In KOH solution, the intensity ratios (95/311) decrease with increasing pH. Figure 3-c) shows that the peak intensity ratio (311/173) was almost constant. As mentioned above, the dimer was recognized to increase with increasing pH and the cyclic tetramer also increases in KOH solutions. Also, the following chemical equilibrium is maintained:
, because, as shown in the Fig. 4 , the intensity ratios (133/95) increase with increasing pH (KOH concentration). This indicates that this monomer system is under a semi-closed system (this means that the production of the monomer is scarcely effected by the other chemical species). From these results, the relative abundance of the monomer to the total silica species is considered to have already attained the maximum ratio, while the cyclic tetramer cannot attain maximum solubility in KOH solution. Therefore, the production ratios of the silica species against pH in KOH solution is estimated to be the dimer the cyclic tetramer>the monomer.
As shwon in Fig. 3-a) in NaOH solution, the intensity ratios (95/173) were, roughly speaking, constant in pH between 6.95 and 8.48, and decreased over pH 8.48 . While, the intensity ratios of (95/311) were about constant, the raios (311/173) decreased with increasing pH. Therefore, the production ratios of the silica species against the pH in NaOH solution is estimated as the dimer>the cyclic tetramer the monomer. The dissolution system of silica gel in NaOH and KOH solutions is considered to be based on this difference.
The intensity ratios (329/311) in NaOH solution are almost constant, as shown in Fig. 5-b) . For KOH solution, although the intensity ratios (329/311) in the pH range of 6 -10 appear to be constant, in the high pH range from 10 to 12 the intensity ratios (329/311) decrease. In the pH range where the intensity ratios (329/311) are constant, the concentrations of the linear tetramer and the cyclic tetramer should change together in solution. In the pH area where the intensity ratios (329/311) decrease for KOH solution, it is probable that the linear tetramer decreases or cyclic tetramer increases. Therefore, the cyclic tetramer is more stable than the linear tetramer in KOH solution under the high-pH condition. This is consistent with the fact that the linear tetramer is not observed in a 0.1 M NaCl solution while the cyclic tetramer is observed.
Comparison with other reports of silica dissolution
In reports by Alexander 8 and Hurd et al. 9 , the changes undergone by silica gel in KOH solution against the pH of KOH solution are explained as follows: at pH 6, polymerization starts to occur with the monomer; at pH 8, silica becomes gel-like and at pH 11, the silica gel begins to hydrolyze. Finally, at pH 13, the sol-gel equilibrium is achieved. The reports are consistent with our observations shown in Figs. 3-a) , b) and c).
As shown in Fig. 3-a) , the intensity ratios (95/173) were almost constant in pH between 6.95 and 8.48 and decreased over pH 8.48 in NaOH solution. This indicates that the production rate of the dimer should be superior to that of the monomer from the point pH 8.5 in NaOH solution, as shown in Fig. 3-a) . In the pH range from 8 to 11 of NaOH and KOH solutions, most of the intensity ratios change significantly. In Fig. 3-b) , the intensity ratios (195/173) in NaOH solution and (211/173) in KOH solution decrease with increasing pH. This shows that production of the dimer is superior to that of the dimer-Na + and dimer-K + complexes due to hydrolysis. The intensity ratios (311/173) in NaOH solution gradually decreases with increasing pH, as shown in Fig. 3-c) . These increases of the dimer and the cyclic tetramer between pH 8 to 11 are consistent with reports by Alexander 8 and Hurd et al. 9 The intensity ratios (311/173) in KOH solution do not depend on the pH. In Fig. 4 , the gradual increase in the intensity ratios (133/95) in the pH range between 8 and 12 of KOH solution shows that the concentration of the monomer-K + complex increases due to an increase in the total concentration of silica in the solution. The dissolution of silica in KOH solution is considered to be controlled by the solubility of the chemical species of silica or by the stability constant between the monomer and K + . The concentrations of silica dissolved in NaOH and KOH solutions are not so different, as shown in Fig. 1 . However, the dissolved species of silica and the dissolution system in NaOH solution seem to differ from those in KOH solution.
In conclusion, in NaOH solution, the dimer concentration gradually increases with increasing pH, and this increase in the dimer concentration is related to the increase in the concentration of silica. As shown in Figs. 5-a) and b), the intensity ratios (95/311) and (329/311) do not change in NaOH solution, compared with those in the KOH solution. This shows that the monomer, the cyclic tetramer, and the linear tetramer are dissolved at a similar rate. On the other hand, the increase in the dimer concentration is superior to those of the other chemical species, such as the monomer, monomer-Na + complex, cyclic tetramer and linear tetramer, as mentioned above.
In KOH solution, from Figs. 3-a) , b), c), 4, 5-a), b), the dimer also increases with increasing pH. In the pH range from 6 to 12, the intensity ratios (311/173) do not decrease (Fig. 3-c) ), but the intensity ratios (211/173; dimer-K + /dimer) decrease (Fig. 3-b) ) in KOH solution. This suggests that the dimer concentration does not remarkably increase, while the cyclic tetramer concentration increases in the pH range from 11 to 12 of KOH solution, since the intensity ratios (95/311) decrease (the relative abundance of the cyclic tetramer increases). As the intensity ratios (329/311) decrease in KOH solution of pH between 11 and 12 ( Fig. 5-b) ), the cyclic tetramer is more soluble than the linear tetramer. This is consistent with the result of silica species in 0.1 M NaCl solution (the linear tetramer was not observed).
In previous studies 8, 9 , sol-gel equilibrium was achieved in the pH range between 11 and 12. This is consistent with our observations; the intensity ratios (95/173; monomer/dimer), (195/173; dimer-Na + /dimer), (211/173; dimer-K + /dimer) and (311/173; cyclic tetramer/dimer) seem to alter not so much in this pH range comparing with that in the pH between 8 and 11.
Here, we focus on the species of silica dissolved in a pH-controlled NaCl solution. After all of the silica gel was dissolved in a 0.4 M NaCl solution by supersonic waves, the pH of the NaCl solution was maintained by adding a HCl or NaOH solution. The concentration of silica was constant, and silica was oversaturated in NaCl solution. The compositions of the chemical species of silica in the 0.4 M NaCl solution were almost constant over the entire pH range investigated, as shown in Figs. 3-b) and c). Namely, NaCl solution contains monomer-Na + (m/z=117), dimer (m/z=173), dimer-Na + (m/z=195), cyclic tetramer (m/z=311) and cyclic tetramer-Na + (m/z=333) complexes, and chemical equilibrium is considered to be achieved in this system. These ratios are almost constant regardless of the pH of NaCl solution.
When silica gel was dissolved in 0.1 M NaCl and 1 M NaCl solutions without any supersonic wave, the intensity ratios, such as (117/195), and (195/173), slightly changed and were also different from those in 0.4 M NaCl solution, which was prepared by supersonic wave. Therefore, in this case, the intensity ratios of silica would depend on the concentration of the NaCl solution, and do not depend on the pH of the same NaCl solution. Once silica gel is dissolved in NaCl solution, the chemical species of silica in NaCl solution do not seem to change with increasing pH. It is inter- esting that the variation in the chemical species of silica dissolved in a 0.1 -1 M NaCl solution is affected by the chemical equilibrium controlled by the concentration of NaCl, rather than that controlled by the pH of the same solution.
Conclusion
The chemical species of silica dissolved in NaOH and KOH solutions were measured by FAB-MS. Furthermore, the chemical species of silica in pH-controlled NaCl solution were also examined.
The peak intensities in the mass spectra of silica in NaOH and KOH solutions are lower than those in NaCl solution, although the concentration of silica in NaOH and KOH solutions is higher than that in NaCl solution.
NaOH and KOH solutions contain monomer (Si(OH) 3 6 O 6 K -; m/z=349). The monomer, dimer and cyclic tetramer silica observed in NaOH and KOH solutions by FAB-MS were in good agreement with the results of 29-Si NMR measurement.
In the dissolution system of NaOH solution, the dimer concentration increases gradually as the pH increases; this increase in the dimer concentration is considered to affect the total concentration of silica in the solution. The dimer is more stable than the other chemical species, such as the monomer, monomer-Na + , cyclic tetramer and linear tetramer.
In the dissolution system of KOH solution, it appears that the dimer concentration also increases with increasing the pH from 6 to 10. In the pH range between 11 and 12, the dimer concentration does not remarkably increase, but the cyclic tetramer concentration increases. This shows that the cyclic tetramer is more stable than the linear tetramer, in agreement with the result of silica species in NaCl solution (the linear tetramer is not observed).
In the NaCl solution whose pH was controlled, monomer-Na + complexes (Si(OH) 2 -; m/z=355) of silica are observed. NaCl solution contains monomer-Na + (m/z=117), dimer (m/z=173), dimer-Na + (m/z=195), cyclic tetramer (m/z=311) and cyclic tetramer-Na + (m/z=333) complexes, and has achieved chemical equilibrium; these intensity ratios are almost constant regardless of the pH.
FAB-MS is generally used to identify organic substances; however, our study proves a new application to the examination of the change of chemical species in solution based on the variation of the intensity ratios with concentration and pH of the solutions. FAB-MS has higher sensitivity than 29-Si NMR spectroscopy, and some of the results obtained by FAB-MS are consistent with the results obtained by 29-Si NMR.
